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INTRODUCTION
============

Breast cancer was the leading cause of women death with more than 2,000,000 new cases and 600,000 deaths in 2018 \[[@r1]\]. In recent decades, targeted therapies and molecules targeting specific signal transducers in pathways to interfere with a variety of oncogenic cellular processes, have been regarded as the future trend of cancer treatment \[[@r2]\].

The four mitogen-activated protein kinase (MAPK) cascades have been widely studied, which are named according to MAPK tier component: the extracellular signal-related kinases (ERK1/2), Jun amino-terminal kinases (JNK1/2/3), p-38 MAPK and ERK5 in mammalian cell \[[@r3]\]. These cascades consist of three protein kinases: a MAPK kinase kinase (MAP3K), a MAPK kinase (MAP2K) and a MAPK \[[@r4]\]. Numerous studies have paid close attention to the Ras/Raf/MEK/ERK1/2 signaling pathway due to its well established central role in mediating cancer cell proliferation \[[@r5]--[@r7]\]. Upon activation, ERK1/2 is translocated to the nucleus to phosphorylate and regulate various transcription factors, such as Ets family transcription factors (e.g., Elk-1), ultimately controlling gene expression \[[@r8]\]. ERK1 and ERK2 share 84% sequence in human \[[@r9]\]. Consistent with their high similarity in structure, experimental studies contend that ERK1 and ERK2 are functionally redundant, as observed during mouse development \[[@r10]\]. However, several studies have showed distinct functions between ERK1 and ERK2. For example, in NIH3T3, ERK2 mediated Ras-dependent cell proliferation, while ERK1 inhibited cell proliferation in a kinase activity independent manner \[[@r11]\].

The Hippo signaling pathway, an evolutionarily conserved pathway, plays a crucial role in cell proliferation, apoptosis, differentiation, as well as cancer development \[[@r12]\]. Yes-associated protein1 (YAP1), a transcriptional co-activator, is a downstream target of the Hippo signaling pathway \[[@r13]\]. When the Hippo signaling pathway is on, inactive YAP that is phosphorylated by upstream regulators is retained in the cytoplasm via binding to 14-3-3 and is degraded in a ubiquitin-proteasome-dependent manner \[[@r14], [@r15]\]. In contrast, active YAP1 is translocated from cytoplasm to nucleus and interacts with TEAD family to induce target expression \[[@r16]\]. In cancers, the abnormal expression of YAP1 causes uncontrolled cell growth and is connected with development of several cancer types including breast cancer \[[@r17]--[@r19]\].

Recent studies have reported that there is a crosstalk between Hippo-YAP pathway and MAPK-ERK pathway. Later, Wen Y et al found that the gene expression which took part in the phosphorylation of ERK1/2, was inhibited when YAP was silenced, and the protein levels of ERK and its downstream proteins were also reduced \[[@r20]\].

As for current study, we are the first to report the differences of distinct expression pattern, biological function and prognostic value between ERK1 and ERK2 in breast cancer. The *in vitro* and *in vivo* assays suggested that ERK1 inhibited breast cancer progression via downregulation of YAP1. Importantly, higher expression of ERK1 was correlated with better prognosis in patients with breast cancer and a predictor of better overall survival in patients receiving endocrine therapy. Higher expression of ERK2, in contrary, was associated with poorer prognosis.

RESULTS
=======

Analysis of ERK1 and ERK2 expression in breast cancer cell lines and tumors
---------------------------------------------------------------------------

Expression data for 50 breast cancer cell lines were downloaded from a previous study \[[@r38]\]. The cell lines were then divided into luminal breast cancer subtype and basal breast cancer subtype, in which the expression of ERK1 and ERK2 were analyzed. Higher expression of ERK1 was observed in luminal breast cancer cell lines when compared with basal breast cancer cell lines ([Figure 1A](#f1){ref-type="fig"}), whereas the ERK2 expression was not associated with breast cancer subtype ([Supplementary Figure 1A](#SD1){ref-type="supplementary-material"}). For analysis of ERK1 and ERK2 protein expression pattern, the western blot data of 32 breast cancer cell lines (19 luminal breast cancer cell lines and 13 basal breast cancer cell lines) \[[@r38]\] were also analyzed. It was observed that ERK1 protein was highly expressed in luminal breast cancer cell lines compared with basal breast cancer ([Figure 1B](#f1){ref-type="fig"}), ERK2 protein levels were similar between the two subtypes ([Supplementary Figure 1B](#SD1){ref-type="supplementary-material"}). In addition, the ratio of ERK1 to ERK2 protein expression was also higher in luminal breast cancer cell lines than in basal breast cancer cell lines ([Figure 1C](#f1){ref-type="fig"}). Using western blotting, we confirmed relative higher expression of ERK1 in luminal breast cancer cell lines (MCF7 and T47D) as compared to basal breast cancer cell lines (MDA-MB-231, BT549 and HS578T) ([Figure 1D](#f1){ref-type="fig"}). Data for 16 normal breast samples and 180 tumor samples were downloaded from GEO (GSE18229). It was observed that ERK1 was decreased in basal breast cancer subtype when compared with normal breast cancer subtype and luminal breast cancer subtype ([Figure 1E](#f1){ref-type="fig"}). ERK2 expression was similar among different breast cancer subtype ([Supplementary Figure 1C](#SD1){ref-type="supplementary-material"}). This observation was further evaluated in a large cohort. Via analysis of ERK1 expression in TCGA dataset (519 cases), basal breast cancer tumors exhibited lower expression of ERK1 in comparison with luminal A and luminal B breast cancer subtypes ([Figure 1F](#f1){ref-type="fig"}). Interestingly, ERK2 expression levels were elevated in basal breast cancer subtype compared with luminal breast cancer subtype ([Supplementary Figure 1D](#SD1){ref-type="supplementary-material"}).

![**Expression of ERK1 and ERK2 in breast cancer.** (**A**) Analysis of data for 50 breast cancer cell lines suggested that ERK1 mRNA was elevated in luminal breast cancer subtype when compared with basal breast cancer subtype. (**B**) Analysis of western blotting data from 32 breast cancer cell lines suggested that ERK1 protein expression was lower in basal breast cancer subtype when compared with luminal breast cancer subtype. (**C**) Analysis of western blotting data from 32 breast cancer cell lines suggested that ERK1/ERK2 protein expression ratio was lower in basal breast cancer subtype when compared with luminal breast cancer subtype. (**D**) Western blotting confirmed that ERK1 was highly expressed in luminal breast cancer cell lines compared with basal breast cancer cell lines tested. (**E**) Analysis of GSE18229 dataset for 16 normal breast tissues and 180 breast tumors suggested that ERK1 was downregulated in basal breast cancer tumors when compared with Luminal A breast cancer subtype and normal breast tissues. (**F**) Analysis of TCGA dataset for 519 breast tumors showed that ERK1 was downregulated in basal breast cancer tumors when compared with Luminal A breast cancer subtype and Luminal B breast cancer subtype. \*, p\<0.05; \*\*\*, p\<0.001.](aging-11-102572-g001){#f1}

Changes in gene expression in breast cancer cells upon knockdown of ERK1
------------------------------------------------------------------------

To study the global gene transcription regulated by ERK1, RNA sequencing (RNA-Seq) analysis was utilized to determine global gene expression change upon knockdown of ERK1 in T47D cells ([Figure 2A](#f2){ref-type="fig"}). ERK1 knockdown significantly modulated 968 (188 downregulated and 780 upregulated) genes ([Figure 2B](#f2){ref-type="fig"}). [Supplementary Table 1](#SD2){ref-type="supplementary-material"} listed the differentially expressed genes in T47D cells. The KEGG enrichment analysis indicated that ERK1 was involved in several cancer-related signaling pathways, such as Hippo signaling pathway, ErbB signaling pathway and TNF signaling pathway ([Figure 2C](#f2){ref-type="fig"}). Several key genes in Hippo signaling pathway were modulated after ERK1 knockdown including YAP1, transcription factors that interacted with YAP1 (LEF1, TCF7L1, TCF7L2) and target genes of YAP1 (BBC3). We validated the differentially expressed genes (YAP1, LEF1, TCF7L1, TCF7L2, AMOT, BTRC, BMP4, PPP2R1B) at the mRNA levels ([Figure 2D](#f2){ref-type="fig"}). Further GO analysis of Cellular Component showed that nucleus genes were significantly enriched upon ERK1 knockdown ([Figure 2E](#f2){ref-type="fig"}). GO analysis of Molecular Functions showed that several DNA binding and transcription related genes were enriched upon ERK1 knockdown, the top 20 enriched gene sets were listed in [Figure 2F](#f2){ref-type="fig"}. We also performed GO analysis of Biological Process. Among the top 20 enriched processes, genes of cell proliferation (negative regulation of cell proliferation), cycle (G2/M transition of mitotic cell cycle) and apoptosis (negative regulation of apoptotic process) were enriched ([Figure 2G](#f2){ref-type="fig"}). Several breast cancer related oncogenes (GPER1, NR2E3, GATA3, BCL6, ERBB4) were upregulated, while tumor suppressors (NKX3-1, CDKN1A) were downregulated, which were validated with RT-qPCR ([Figure 2H](#f2){ref-type="fig"}).

![**RNA sequencing (RNAseq) analysis of ERK1-silenced T47D cells.** (**A**) RT-qPCR and western blotting showed that ERK1 siRNA decreased ERK1 mRNA and protein expression in T47D cells. (**B**) Volcano plot showed that ERK1 silencing increased a set of 780 genes in abundance of log2FC ≥ 1, while a set of 188 genes decreased in abundance of log2FC ≤ -1, based on transcriptome sequencing of control group and ERK1 siRNA group. (**C**) KEGG pathway enrichment analysis of differentially expressed genes in ERK1 siRNA group compared to control group. (**D**) Validation of identified genes in "Hippo signaling pathway", including YAP1, LEF1, TCF7L1, TCF7L2, AMOT, BTRC, BMP4 and PPP2R1B. (**E**) Gene Ontology annotation analysis of the significantly enriched cellular component (P \< 0.05). (**F**) Gene Ontology annotation analysis of the top 20 significantly enriched Molecular Function (P \< 0.05) that changes in gene expression. (**G**) Gene Ontology annotation analysis of the top 20 significantly enriched Biological Process (P \< 0.05) that changes in gene expression. H. Validation of genes in "negative regulation of cell proliferation", including GPER1, NR2E3, GATA3, BCL6, ERBB4, NKX3-1 and CDKN1A. \*\*, p\<0.01; \*\*\*, p\<0.001.](aging-11-102572-g002){#f2}

ERK1 expression was associated with YAP1 signaling-related gene expression in breast cancer cell lines
------------------------------------------------------------------------------------------------------

To investigate the association between ERK1 and YAP1 signaling, we analyzed expression of evolutionarily conserved signature of the YAP1 signaling genes described by Cordenonsi et al \[[@r21]\] with ERK1. Using transcriptome data of 50 breast cancer cell lines, the GSEA revealed strong enrichment of YAP1 signaling-related genes in ERK1 low expression breast cancer cell lines compared with those with high ERK1 expression ([Figure 3A](#f3){ref-type="fig"}). We further extended this finding by analysis the correlation between expression of ERK1 and YAP1 signaling-related genes, which revealed a strong negative correlation between them ([Figure 3B](#f3){ref-type="fig"}, [3C](#f3){ref-type="fig"}). The heatmap analysis suggested that low expression of ERK1 enriched high expression of YAP1 and its target genes in breast cancer cells ([Figure 3D](#f3){ref-type="fig"}).

![**ERK1 was negatively associated with YAP1 signaling genes in breast cancer cells.** (**A**) GSEA of expression data from breast cancer cell lines revealed enrichment of conserved YAP1 target genes in ERK1 low expression cell lines compared with those with high ERK1 expression. NES, normalized enrichment score. (**B**) Pearson correlation analysis showed that ERK1 expression levels were negatively correlated with YAP1 and its target gene expression (GLS, ASAP1, MARCKS) in 50 breast cancer cell lines analyzed. (**C**) List of the Pearson analysis of correlation between several YAP1 target genes and ERK1 in 50 breast cancer cell lines. (**D**) Heat map showing low expression levels of ERK1 enriched high expression of YAP1 signaling-related genes in breast cancer cell lines.](aging-11-102572-g003){#f3}

ERK1 negatively regulated the activation of YAP1 signaling pathway
------------------------------------------------------------------

To validate the aforementioned observation, we silenced ERK1 in breast cancer cells. Western blotting showed that ERK1 knockdown increased the protein expression of YAP1 and phosphorylated YAP1 in luminal breast cancer cells, especially in MCF7 cells with higher ERK1 protein level ([Figure 4A](#f4){ref-type="fig"}, [4B](#f4){ref-type="fig"}). ERK1 knockdown did not changed the expression of LATS1, LATS2 and p-LATS1/2 in T47D and MCF7 cells ([Figure 4C](#f4){ref-type="fig"}, [4D](#f4){ref-type="fig"}), suggested that the kinase cassette of Hippo pathway was not affected. Immunofluorescence showed that ERK1 silencing increased YAP1 expression without inducing a translocation of YAP1 protein in T47D cells ([Figure 4E](#f4){ref-type="fig"}), suggesting that the activation of Hippo pathway was not involved in this process. The CHX chase assay further confirmed that the stability of YAP1 was not changed in T47D cells or MCF7 cells after ERK1 silencing ([Figure 4F](#f4){ref-type="fig"}, [4G](#f4){ref-type="fig"}). RT-qPCR suggested that knockdown of ERK1 by ERK1 siRNA elevated YAP1 mRNA levels in T47D cells and MCF7 cells ([Figure 4H](#f4){ref-type="fig"}). Furthermore, RT-qPCR showed that ERK1 silencing elevated the expression of YAP1 downstream genes (BIRC5, GLS, SGK1) in T47D and MCF7 cells ([Figure 4I](#f4){ref-type="fig"}, [4J](#f4){ref-type="fig"}). After ERK1 knockdown, the activity of GTIIC plasmid decreased in T47D cells and MCF7 cells ([Figure 4K](#f4){ref-type="fig"}), indicating the decreased activity of TEAD-YAP1 complex. We next used lentivirus mediated knockdown of ERK1 to validate the regulatory association between ERK1 and YAP1. Knockdown of ERK1 by three target-specific shRNAs increased YAP1 protein levels in T47D cells ([Figure 4L](#f4){ref-type="fig"}). The similar results were also observed in MCF7 cells ([Figure 4M](#f4){ref-type="fig"}). RT-qPCR further showed ERK1 shRNAs increased YAP1 mRNA expression in T47D and MCF7 cells ([Figure 4N](#f4){ref-type="fig"}, [4O](#f4){ref-type="fig"}). Our previous study indicated that silencing of both ERK1 and ERK2 decreased YAP1 expression in cancer cells \[[@r37]\]. To examine how ERK2 regulated YAP1, ERK2 was silenced in T47D cells. Interestingly, in contrast to ERK1 silencing, ERK2 silencing decreased YAP1 protein expression ([Supplementary Figure 2A](#SD1){ref-type="supplementary-material"}). The downregulation of YAP1 by ERK2 silencing was further observed in basal breast cancer cells (MDA-MB-231 and HS578T) ([Supplementary Figure 2B](#SD1){ref-type="supplementary-material"}). The CHX chase assay showed that ERK2 silencing destabilized YAP1 protein ([Supplementary Figure 2C](#SD1){ref-type="supplementary-material"}). The YAP1 mRNA expression was not changed in T47D cells or MDA-MB-231 cells after ERK2 silencing ([Supplementary Figure 2D](#SD1){ref-type="supplementary-material"}).

![**ERK1 repressed YAP1 signaling-related gene expression in breast cancer cells.** (**A**) Western blotting showed that silencing of ERK1 increased YAP1 protein levels in T47D cells. (**B**) Western blotting showed that silencing of ERK1 increased YAP1 protein levels in MCF7 cells. (**C**) Western blotting showed that silencing of ERK1 did not change p-LATS1/2, LATS1 and LATS2 protein levels in T47D cells. (**D**) Western blotting showed that silencing of ERK1 did not change p-LATS1/2, LATS1 and LATS2 protein levels in MCF7 cells. (**E**) Immunofluorescence showed that ERK1 silencing increased YAP1 protein expression in T47D cells. (**F**) The CHX chase assay showed that the YAP1 protein stability was not altered upon silencing of ERK1 in T47D cells. (**G**) The CHX chase assay showed that the YAP1 protein stability was not altered upon silencing of ERK1 in MCF7 cells. (**H**) RT-qPCR showed that ERK1 silencing elevated YAP1 mRNA levels in T47D cells and MCF7 cells. (**I**) RT-qPCR showed that ERK1 silencing elevated mRNA levels of YAP1 downstream genes (BIRC5, GLS, SGK1) in T47D cells. (**J**) RT-qPCR showed that ERK1 silencing elevated mRNA levels of YAP1 downstream genes (BIRC5, GLS, SGK1) in MCF7 cells. (**K**) Knockdown of ERK1 increased GTIIC reporter activity in T47D cells and MCF7 cells. (**L**) Lentivirus mediated knockdown of ERK1 increased YAP1 protein expression in T47D cells. (**M**) Lentivirus mediated knockdown of ERK1 increased YAP1 protein expression in MCF7 cells. (**N**) Lentivirus mediated knockdown of ERK1 increased YAP1 mRNA expression in T47D cells. (**O**) Lentivirus mediated knockdown of ERK1 increased YAP1 mRNA expression in MCF7 cells. \*, p\<0.05; \*\*, p\<0.01; \*\*\*, p\<0.001.](aging-11-102572-g004){#f4}

ERK1 inhibited breast cancer cell proliferation by downregulation of YAP1
-------------------------------------------------------------------------

In above, we have reported the effects of ERK1 in regulation of YAP1. To further characterize the function of ERK1, we detected cell proliferation ability after silencing ERK1 in breast cancer cell lines. In T47D and MCF7 cells, silencing of ERK1 enhanced cell proliferation ability ([Figure 5A](#f5){ref-type="fig"}, [5B](#f5){ref-type="fig"}). Additionally, ERK1 silencing increased colony forming ability in T47D and MCF7 cells ([Figure 5C](#f5){ref-type="fig"}, [5D](#f5){ref-type="fig"}). To determine whether ERK1 regulated cell proliferation via controlling YAP1 expression, we silenced YAP1 protein expression in MCF7 cells ([Figure 5E](#f5){ref-type="fig"}). In the rescue assays, silencing of YAP1 reversed ERK1 siRNA mediated upregulation of YAP1 as well as the increase of cell proliferation and colony formation ability in MCF7 cells ([Figure 5F](#f5){ref-type="fig"}, [5H](#f5){ref-type="fig"}). We further found that lentivirus mediated knockdown of ERK1 promoted cell proliferation in T47D and MCF7 cells ([Figure 5I](#f5){ref-type="fig"}, [5J](#f5){ref-type="fig"}). The colony forming ability of T47D and MCF7 cells were also elevated following lentivirus mediated knockdown of ERK1 ([Figure 5K](#f5){ref-type="fig"}, [5L](#f5){ref-type="fig"}). Consistent with the *in vitro* experiments, in xenograft mouse models, silencing of ERK1 increased tumor volume and weight after injection of MCF7 cells, which was reversed by silencing of YAP1 ([Figure 5M](#f5){ref-type="fig"}--[5P](#f5){ref-type="fig"}). The results demonstrated that ERK1 inhibited the growth of breast cancer cells and tumors via downregulation of YAP1.

![**ERK1 promoted cell proliferation of breast cancer cells *in vitro* and *in vivo.*** (**A**) In T47D cells, silencing of ERK1 increased cell proliferation ability. (**B**) In MCF7 cells, silencing of ERK1 increased cell proliferation ability. (**C**) In T47D cells, silencing of ERK1 increased colony forming ability. (**D**) In MCF7 cells, silencing of ERK1 increased colony forming ability. (**E**) Transfection of YAP1 siRNA decreased YAP1 protein expression in MCF7 cells. (**F**) Silencing of YAP1 reversed ERK1 silencing induced elevation of YAP1 protein expression in MCF7 cells. (**G**) Silencing of YAP1 reversed ERK1 silencing induced elevation of cell proliferation ability in MCF7 cells. (**H**) Silencing of YAP1 reversed ERK1 silencing induced elevation of colony forming ability in MCF7 cells. (**I**) The cell proliferation of T47D cells with stable knockdown of ERK1 was increased in comparison with T47D cells infected with control shRNA. (**J**) The cell proliferation of MCF7 cells with stable knockdown of ERK1 was increased in comparison with MCF7 cells infected with control shRNA. (**K**) The colony forming ability of T47D cells was decreased after lentivirus mediated ERK1 knockdown. (**L**) The colony forming ability of MCF7 cells was decreased after lentivirus mediated ERK1 knockdown. (**M**) Western blotting showed that lentivirus mediated knockdown of ERK1 decreased ERK1 protein expression and elevated YAP1 protein expression, while knockdown of both ERK1 and YAP1 decreased ERK1 and YAP1 protein expression in MCF7 cells. (**N**) Xenografted tumor growth curve indicated that ERK1 knockdown increased tumor volume, while YAP1 knockdown decreased tumor volume *in vivo*. (**O**) ERK1 knockdown increased tumor weight, while YAP1 knockdown decreased tumor weight *in vivo*. (**P**) Representative xenografted tumors from nude mouse models. \*, p\<0.05; \*\*, p\<0.01; \*\*\*, p\<0.001.](aging-11-102572-g005){#f5}

ERK1 was associated with expression of YAP1 signaling-related genes in breast cancer tumors
-------------------------------------------------------------------------------------------

To further evaluate the association between ERK1 and YAP1 signaling pathway in clinical samples, expression data of 1082 breast cancer tumors were downloaded from TCGA (PanCancer Atlas). Samples were categorized by expression level that was above (high) or below (low) median ERK1 expression by quartiles (271 samples each group). The GSEA revealed a strong enrichment of YAP1 signaling-related genes in ERK1 low expression tumors compared with those with high ERK1 expression ([Figure 6A](#f6){ref-type="fig"}). Furthermore, correlation analysis showed negative correlation between ERK1 and YAP1 signaling-related genes ([Figure 6B](#f6){ref-type="fig"}). Among multiple YAP1 signaling-related genes, a majority of them (32 out of 58) were negatively correlated with ERK1 expression, as some of them were showed in [Figure 6C](#f6){ref-type="fig"}. It was observed that, there was lower expression of YAP1 signaling-related genes in ERK1 high expression group in comparison with ERK1 low expression group ([Figure 6D](#f6){ref-type="fig"}).

![**ERK1 was negatively associated with YAP1 signaling-related gene in breast tumors.** (**A**) GSEA of expression data from breast cancer cell lines revealed enrichment of conserved YAP1 target genes in ERK1 low expression tumors compared with those with high ERK1 expression by quartiles. NES, normalized enrichment score. (**B**) Pearson correlation analysis showed that ERK1 expression levels were negatively correlated with YAP1 and its target gene expression (GLS, ASAP1, SHCBP1) in 1,082 breast tumors. (**C**) List of the Pearson analysis of correlation between several YAP1 target genes and ERK1 in 1082 breast tumors. (**D**) Heat map showing low expression levels of ERK1 (top 10% ERK1 high expression cases vs. 10% ERK1 low expression cases) enriched YAP1 signaling-related gene expression in TCGA dataset containing 1082 cases.](aging-11-102572-g006){#f6}

Expression of ERK1 and ERK2 were associated with prognosis of patients with breast cancer
-----------------------------------------------------------------------------------------

YAP1 signaling was pivotal for cancer cell proliferation, metastasis and drug resistance \[[@r12]\]. The Kaplan-Meier Plotter was used to analyze the association between ERK1/ERK2 and the prognosis of patients with breast cancer. Consistently, high expression of ERK1 was associated with prolonged overall survival (OS) ([Figure 7A](#f7){ref-type="fig"}), recurrence free ([Figure 7B](#f7){ref-type="fig"}) and distant metastasis free survival (DMFS) ([Figure 7C](#f7){ref-type="fig"}) in patients with breast cancer. High expression of ERK1 also predicted good OS in patients receiving endocrine therapy ([Figure 7D](#f7){ref-type="fig"}). In contrast, high expression of ERK2 was associated with poor OS ([Figure 7E](#f7){ref-type="fig"}), recurrence free ([Figure 7F](#f7){ref-type="fig"}) and DMFS ([Figure 7G](#f7){ref-type="fig"}) in patients with breast cancer. However, the ERK2 expression was not associated with OS in patients receiving endocrine therapy ([Figure 7H](#f7){ref-type="fig"}).

![**ERK1 and ERK2 expression were associated with distinct prognostic features of breast cancer.** (**A**--**C**) Kaplan-Meier Plotter analysis indicated that high expression of ERK1 was associated with prolonged OS, recurrence and DMFS in patients with breast cancer. (**D**) Kaplan-Meier Plotter analysis indicated that high expression of ERK1 was associated with prolonged OS in patients receiving endocrine therapy. (**E**--**G**) Kaplan-Meier Plotter analysis showed that the high expression of ERK2 was associated with poor OS, recurrence and DMFS in patients with breast cancer. (**H**) Kaplan-Meier Plotter analysis indicated that high expression of ERK2 was not associated with OS in patients receiving endocrine therapy.](aging-11-102572-g007){#f7}

DISCUSSION
==========

In 2006, Vantaggiato et al. discovered that transfection of ERK1 instead of ERK2 could inhibit transformation of NIH3T3 induced by stable expression of oncogenic Ras \[[@r11]\]. Later, several studies provided evidences supporting the hypothesis of ERK1 and ERK2 exhibiting functional redundancy \[[@r22]\]. In this article, the specific roles of ERK1 and ERK2 in regulation of YAP1 signaling in breast cancer were studied.

Previously, we discovered a crosstalk between the MAPK/ERK pathway and YAP1 signaling in cancer cells \[[@r37]\]. Our findings were further validated in several following studies. For example, Lei Q et al found that the MAPK--ERK--YAP axis was involved in MA-5-mediated Bnip3 upregulation and mitophagy activation \[[@r23]\]. One study in glioblastoma showed that TNFα stimulation decreased p-ERK expression, led to reduction of YAP1 expression \[[@r24]\]. In primary hPDLF cells, inhibition of ERK decreased total YAP amount in biomechanical strained cells but did not influence distribution of YAP1 in nuclear or cytoplasm \[[@r25]\]. In lung cancer, silencing or inhibition of ERK1/2 led to downregulation of YAP1 protein and YAP1 downstream genes \[[@r26]\]. In current study, we focused on the specific roles of ERK1 and ERK2 on regulation of YAP1 in breast cancer. Consistent with ERK inhibition and ERK1/2 silencing, ERK2 knockdown decreased YAP1 expression in MDA-MB-435S, which was further validated in two breast cancer cell lines. Our CHX chase assays further demonstrated that ERK2 but not ERK1 could stabilize YAP1 expression in cancer cells. However, we did not observe direct interaction between ERK2 and YAP1 (data not shown), suggesting that ERK2 might indirectly regulate the decay of YAP1 in cancer cells, which will be further explored in our future study.

A previous report of mouse embryo discovered that the total activity of ERK1/2 was important for mouse development, which was in support of the notion that ERK1 and ERK2 showed functional redundancy \[[@r10]\]. In contrast, in zebrafish embryo, ERK1 knockdown exhibited strong phenotypes at later stages in embryogenesis while ERK2 knockdown inhibited the embryo from entering epiboly \[[@r27]\]. Through analyzing gene expression data of breast cancer cell lines and tumors, we observed that ERK1 was significantly downregulated in basal breast cancer subtype compared with luminal subtype. It was known that basal breast cancer subtype was much more invasive and less differentiated compared with luminal breast cancer type \[[@r38]\]. In particular, the most recent studies have indicated that YAP1 and its target genes were overexpressed in basal breast cancer subtype and pivotal for maintaining cancer cell stemness and drug resistance \[[@r28], [@r29]\]. Following these notions, our bioinformatic analysis between ERK1 and YAP1 signaling-related gene demonstrated that ERK1 levels were negatively associated with YAP1 signaling-related gene levels in breast tumors and cell lines. The GSEA indicated that YAP1 signaling-related genes were enriched in breast cancer cell lines and tumors which expressed low ERK1 levels. Our following experiments confirmed that ERK1 negatively regulated YAP1 at mRNA level in breast cancer cells. Previous reports identified several non-coding RNAs as the regulator of YAP1 mRNA expression in cancer cells \[[@r30], [@r31]\]. Transcription factors and epigenetic modification were also discovered as direct regulators of YAP1 transcription \[[@r32], [@r33]\]. Further investigation is needed to explore how ERK1 control YAP1 mRNA expression.

YAP1 was crucial for breast cancer cell proliferation, metastasis and drug resistance \[[@r34]\], the distinct functions of ERK1 and ERK2 on regulation of YAP1 suggested distinct roles of ERK1 and ERK2 on breast cancer progression. The previous microarray study discovered that in addition to commonly affected genes, nearly half of ERK1 affected genes were specifically regulated by ERK1 \[[@r27]\]. Our KM plotter analysis showed that ERK1 overexpression was associated with good prognosis in patients with breast cancer, indicating a *bona fide* tumor suppressor role of ERK1 at least in breast cancer. High expression of ERK2, in contrast, was associated with poor prognosis in patients with breast cancer. It is known that basal breast cancer cells are particularly sensitive to RAF-MEK-ERK inhibitors compared with other subtypes, and ERK1 high expression predicted resistance to a MEK inhibitor \[[@r35]\]. Our findings on the distinct roles and expression pattern of ERK1 and ERK2 in breast cancer could provide a new understanding for the different susceptibility.

CONCLUSIONS
===========

In conclusion, our study demonstrated that ERK1 and ERK2 showed distinct expression pattern, prognostic value and function in regulation of YAP1 signaling in breast cancer. Our results supported a tumor suppressor role of ERK1 in breast cancer via suppression of YAP1 signaling pathway. Additional studies are needed to determine the molecular mechanism on regulation of YAP1 mRNA levels by ERK1; however, our data firstly suggested that ERK1 expression might be used as biomarker for prediction the prognosis in patients with breast cancer.

MATERIALS AND METHODS
=====================

Cell culture
------------

293T cells, breast cancer cell lines MCF7, T47D, MDA-MB-231, BT549 and HS578T were purchased from American Type Culture Collection (ATCC, Manassas, VA). MDA-MB-435S, MDA-MB-231 and BT549 were cultured in DMEM (Life Technologies, Carlsbad, CA), supplemented with 10% FBS (Hyclone, Logan, UT). 293T, MCF7 and T47D were cultured in RPMI-1640 medium (Corning Cellgro) supplemented with 10% FBS (Hyclone). All cells were maintained in a humid incubator with 5% CO~2~ at 37°C

RNA interference
----------------

ERK1 siRNA pool (a pool of 3 target-specific siRNA) (sc-44205), ERK2 siRNA pool (a pool of 3 target-specific siRNA) (sc-44223) and control siRNA (sc-37007) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). YAP1 siRNA was bought from GenePharma (Suzhou, China). SiRNAs were transfected into MDA-MB-435S, MCF7, T47D, MDA-MB-231, HS578T and BT549 cells using Lipofectamine RNAi MAX (Invitrogen, Carlsbad, CA) reagent according to manufacturer's protocol. After 72 h, the cells were collected and subjected to the following experiments.

RNA sequencing
--------------

Transcriptome libraries and RNA sequencing analysis were performed, aligned and normalized according to the Illumina Genome Analyzer II (Illumina, San Diego, CA, USA) manufacturer's instruction. After clustering, the libraries were sequenced on an Illumina HiseqXTen platform using (2×150 bp) paired-end module. After initial quality control, the clean reads were mapped to the reference sequence by using TopHat2 software (v2.1.1.). The alignment files generated by TopHat2 were input to the Cufflinks software (v2.2.1), which was a program for the comparative assembly of transcripts and the estimation of their abundance in a transcriptome sequencing experiment by using the measurement unit fragments per kilobase of transcript per million mapped reads (FPKM). After using Cuffmerge program to merge transcripts of each sample in different materials and stages into a single gtf file that was used to identify differentially expressed genes, Cuffdiff program was used to find differentially expressed genes (DEGs). The differentially expressed genes were identified with p value ≤0.05 and a fold-change of ≥2. Database for Annotation, Visualization and Integrated Discovery (DAVID) was used to analyzed the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway modulated by the knockdown of ERK1 or ERK2 \[[@r36]\].

RNA extraction and RT-qPCR
--------------------------

Total RNA of MDA-MB-435S, MCF7, T47D, HS578T and BT549 cells were extracted using TRIzol reagent (Invitrogen). The concentration and quality of RNA were measured with NanoDrop2000 (Thermo Fisher Scientific, Waltham, MA). The RNA was reverse transcribed into first-strand cDNA with PrimeScript RT reagent kit (TaKaRa, Otsu, Shiga, Japan). RT-qPCR was performed with SYBR Premix Ex Taq (TaKaRa) on a CFX96 Real-Time PCR System (Bio-rad, Hercules, CA). The primer sequences were listed in [Table 1](#t1){ref-type="table"}.

###### RT-qPCR primer sequences.

  ----------------- ---------------------------------
  **Primers**       **sequences**
  ERK1-forward      5′-TAGGCATCCGAGACATCCTC-3′
  ERK1-reverse      5′-AGCTGCTGGCTCTTTAGCAG-3′
  ERK2-forward      5′-TACACCAACCTCTCGTACATCG-3′
  ERK2-reverse      5′-CATGTCTGAAGCGCAGTAAGATT-3′
  YAP1-forward      5′-TAGCCCTGCGTAGCCAGTTA-3′
  YAP1-reverse      5′-TCATGCTTAGTCCACTGTCTGT-3′
  BBC3-forward      5′-GACCTCAACGCACAGTACGAG-3′
  BBC3-reverse      5′-AGGAGTCCCATGATGAGATTGT-3′
  LEF1-forward      5′-AGAACACCCCGATGACGGA-3′
  LEF1-reverse      5′-GGCATCATTATGTACCCGGAAT-3′
  TCF7L1-forward    5′-TCGTCCCTGGTCAACGAGT-3′
  TCF7L1-reverse    5′-ACTTCGGCGAAATAGTCCCG-3′
  TCF7L2-forward    5′-AGAAACGAATCAAAACAGCTCCT-3′
  TCF7L2-reverse    5′-CGGGATTTGTCTCGGAAACTT-3′
  AMOT-forward      5′-AGGCAAGAGTTGGAAGGATGC-3′
  AMOT-reverse      5′-AGGATGACTTCACGAGGTTCT-3′
  BTRC-forward      5′-CCAGACTCTGCTTAAACCAAGAA-3′
  BTRC-reverse      5′-GGGCACAATCATACTGGAAGTG-3′
  BMP4-forward      5′-ATGATTCCTGGTAACCGAATGC-3′
  BMP4-reverse      5′-CCCCGTCTCAGGTATCAAACT-3′
  CDKN1A-forward    5′-TGTCCGTCAGAACCCATGC-3′
  CDKN1A-reverse    5′-AAAGTCGAAGTTCCATCGCTC-3′
  BCL6-forward      5′-GGAGTCGAGACATCTTGACTGA-3′
  BCL6-reverse      5′-ATGAGGACCGTTTTATGGGCT-3′
  PPP2R1B-forward   5′-CTTGTGTCAGTATTGCCCAGT-3′
  PPP2R1B-reverse   5′-TGCTGCTTGTCGAAGTGTAGG-3′
  GPER1-forward     5′-CACCAGCAGTACGTGATCGG-3′
  GPER1-reverse     5′-CATCTTCTCGCGGAAGCTGAT-3′
  NR2E3-forward     5′-AGCAGCGGGAAGCACTATG-3′
  NR2E3-reverse     5′-CCTGGCACCTGTAGATGAGC-3′
  ERBB4-forward     5′-GTCCAGCCCAGCGATTCTC-3′
  ERBB4-reverse     5′-AGAGCCACTAACACGTAGCCT-3′
  NKX3-1-forward    5′-CCCACACTCAGGTGATCGAG-3′
  NKX3-1-reverse    5′-GAGCTGCTTTCGCTTAGTCTT-3′
  GATA3-forward     5′-GCCCCTCATTAAGCCCAAG-3′
  GATA3-reverse     5′-TTGTGGTGGTCTGACAGTTCG-3′
  BIRC5-forward     5′-AGGACCACCGCATCTCTACAT-3′
  BIRC5-reverse     5′-AAGTCTGGCTCGTTCTCAGTG-3′
  GLS-forward       5′-AGGGTCTGTTACCTAGCTTGG-3′
  GLS-reverse       5′-ACGTTCGCAATCCTGTAGATTT-3′
  SGK1-forward      5′-AGGATGGGTCTGAACGACTTT-3′
  SGK1-reverse      5′-GCCCTTTCCGATCACTTTCAAG-3′
  GAPDH-forward     5′-ACTTTGGTATCGTGGAAGGACTCAT-3′
  GAPDH-reverse     5′-GTTTTTCTAGACGGCAGGTCAGG-3′
  ----------------- ---------------------------------

Western blotting
----------------

Antibodies for ERK1/2 (\#4695, 1:1000), phospho-ERK1/2 (Thr202/Tyr204) (\#4370, 1:1000), LATS1(\#3477, 1:1000), LATS2(\#5888, 1:1000), p-LATS1/2 (Thr1079) (\#8654, 1:1000) and YAP1 (\#8418, 1:1000) were purchased from cell signaling technology (Beverly, MA). GAPDH mouse monoclonal antibody (KC-5G4, 1:10000) was obtained from Kangchen (Shanghai, China). Secondary HRP-conjugated antibodies against mouse (SA-00001-1, 1:10000) and rabbit (SA-00001-2, 1:10000) were products of ProteinTech (Chicago, IL). Protein lysates were prepared with RIPA lysis buffer (Beyotime, Shanghai, China). The concentration of protein lysates was determined with a BCA Protein Assay Kit (Pierce; Thermo Fisher Scientific, Rockford, IL). For western blotting, lysates with 20 μg protein per lane were loaded on an 8% SDS-PAGE gel. The proteins were separated and transferred to a PVDF membrane. The membrane was then blocked in 5% non-fat milk at room temperature for 1 h. After that, the membrane was incubated with primary antibodies overnight at 4°C On the next day, the membrane was incubated with indicated secondary antibody at room temperature for 1 h. The blots were developed with SuperSignal West Femto Maximum Sensitivity Substrate (Pierce; Thermo Fisher Scientific).

Immunofluorescence
------------------

T47D cells were grown on glass slide in a 24-well plate. After transfection of control siRNA or ERK1 siRNA and incubation for 72 h, the immunofluorescence was performed as we published before \[[@r37]\]. The nuclei were stained with DAPI, while YAP antibody (\#14074, 1: 200, Cell Signaling Technology) was used to detect YAP location.

Lentivirus mediated knockdown of ERK1
-------------------------------------

For stable knockdown of ERK1, control scramble shRNA and ERK1 shRNA (1-3 sequences) were cloned into pLKO.1 plasmid. The sequences were: control shRNA: 5′-CCGGTAAGGCTATGAAGAGATACCTCGAGGTATCTCTTCATAGCCTTATTTTTG-3′, ERK1 shRNA1: 5′-CCGGTCATCGGCATCCGAGACATTCCTCGAGGAATGTCTCGGATGCCGATGATTTTTG-3′, ERK1 shRNA2: 5′-CCGGGACAGACATCTCTGCACCCTGCTCGAGCAGGGTGCAGAGATGTCTGTCTTTTTG-3′, ERK1 shRNA3: 5′-CCGGCAACATGAAGGCCCGAAACTACTCGAGTAGTTTCGGGCCTTCATGTTGTTTTTG-3′. 293T cells were transfected with the lentivirus vector and packaging plasmids. At 48 h after transfection, viruses were collected and replaced with fresh medium. At 12 h after incubation, the viruses were collected again and used for infection of T47D cells. Stably infected T47D cells were selected with 2 μg/mL puromycin (InvivoGen, San Diego, CA) for 3 days.

TEAD activity assay
-------------------

The activity of TEAD transcription factor was detected with the luciferase reporter assay. The 8×GTIIC-luciferase plasmid (Addgene, Cambridge, MA) and Renilla luciferase pRL-TK plasmid (Promega, Madison, WI) were co-transfected into T47D and MCF7 cells with Lipofectamine 3000 (Invitrogen) following manufacturer's protocol. After 48 h, cells were harvested, the firefly and renilla luciferase activities were measured by using the Dual-Luciferase Reporter Assay Kit (Promega) according to the manufacturer\'s instructions. The firefly luciferase was normalized to Renilla luciferase, and the relative firefly activity of ERK1 siRNA group was compared to control group to manifest the relative transcription activity of TEAD.

Cell viability assay
--------------------

The cell viability was determined using a CCK-8 kit (Dojindo, Shiga, Japan) following manufacturer's protocol. Briefly, 10 μL CCK-8 solution was added into indicated well and sustained for 2 h. After that, the medium was transferred into wells of a new 96-well plate. The absorbance at 450 nM was detected to manifest the cell viability.

CHX chase assay
---------------

The cycloheximide (CHX) chase assay was used to analyze the stability of protein. CHX was purchased from MedChemExpress (Monmouth Junction, NJ). Cells were firstly transfected with ERK1 siRNA, ERK2 siRNA or control siRNA for 72 h, CHX (50 μg/ml) was then added into medium for indicated hours. The YAP1 protein levels were detected by Western blotting.

Gene set enrichment analysis and correlation analyses
-----------------------------------------------------

The gene expression profile of 50 breast cancer cell lines were retrieved from a previously published work \[[@r38]\]. Cell lines were divided into 2 groups, ie, ERK1 high expression group and ERK1 low expression group. For breast tumors, TCGA (PanCancer Atlas) containing 1082 tumor samples were downloaded and categorized by expression above (high) or below (low) median ERK1 expression by quartiles. Gene set enrichment analysis was performed using GSEA software. A total of 189 gene sets of the oncogenic signature C6 from the Molecular Signatures database (<http://www.broadinstitute.org/gsea/msigdb/genesets.jsp?collection=C6>, Broad Institute, MSigDB, Version 4.0) were used for the analysis with default settings and 1,000 gene set permutations. One gene set was filtered out by its size (\<15 or \>500 genes) and excluded from the analysis. Correlation between gene mRNA expression in the gene set of cell lines or human breast tumors were analyzed by calculating the Pearson correlation coefficient. Heat maps were generated using Morpheus software (<https://software.broadinstitute.org/morpheus>).

Bioinformatic analysis
----------------------

For analysis of ERK1, ERK2 and YAP1 expression in breast cancer cell lines, we retrieved mRNA expression data of 50 breast cancer cell lines from a previously published work \[[@r38]\]. In addition, western blotting data of ERK1 and ERK2 in 32 breast cancer cell lines were downloaded and analyzed with Image J software.

To evaluate the expression pattern of ERK1 and ERK2, the human breast tumor microarray data set was obtained from the NCBI-GEO database (GSE18229-GPL1390) containing 16 normal breast samples and 180 tumor samples with subtype classification according to Prat et al \[[@r39]\]. For further confirmation, the TCGA (Nature, 2012) dataset including expression data of 519 breast tumor samples with PAM50 subtype classification were downloaded using cBioPortal \[[@r40]\].

To assess the prognostic value of ERK1 and ERK2, Kaplan-Meier Plotter (KM plotter) database \[[@r41]\] (<http://kmplot.com/analysis/index.php?p=service&cancer=breast>) was used to explore the association between ERK1/2 expression and breast cancer patient outcome. Cases were divided by expression which was above (high) or below (low) median ERK1 (212046_x\_at) or ERK2 (212271_at) expression.

*In vivo* xenograft experiments
-------------------------------

MCF-7 cells (1X10^7^) were transfected with indicated shRNAs (control shRNA, ERK1 shRNA1, ERK1 shRNA1 + YAP1 shRNA), counted, suspended in PBS, and mixed with Matrigel (1:1, BD Biosciences). Female athymic STOCK-Foxn1nu/Nju mice were purchased from Model Animal Research Center of Nanjing University. Mice were randomly separated into 3 groups (n=4) and the PBS--Matrigel mixture were injected into the mammary fat pads. A 0.72-mg E2 60-day release pellet (Innovative Research of America, Sarasota, FL) was implanted subcutaneously on the dorsal side of each mouse a day before injection of tumor cells. Tumor volume was measured every week from the time when tumor was palpable (2 weeks later) until the mice were sacrificed (week 6). Tumor volumes were calculated by measuring width and length of tumors with a Vernier caliper and calculated by formula as listed: Volume = (Length × Width × Width)/2. All animal studies were performed in accordance with the guidelines for the care and use of laboratory animals of Nanjing Normal University.

Statistical analysis
--------------------

All data were analyzed with Graphpad Prism 6.0 and presented as mean ± SD. The differences between two groups were analyzed using Student's t test. The differences among three groups were analyzed using one-way ANOVA followed by Newman Keuls analysis. A p value less than 0.05 was considered statistically significant. All experiments were repeated at least 3 times.
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